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The corrosion of In-Bi alloys was studied using 
X-ray,scanning electron microscopy, atomic absorption 
spectroscopy, and cyclic voltammetry techniques. 
ii 
Calculated activation energy values indicated that 
the corrosion of In-Bi alloys was activation controlled. 
The effect of amine mixtures on the corrosion of In 
and In2Bi (S 1 phase) was studied. Morphological studies 
revealed that the porosity of the resulting physical 
surface structure was influential in determining the 
corrosion rate. In deaerated 3N HCl solutions, the 
selective dissolution of indium was the predominant 
mechanism in the corrosion of In-Bi alloys. The corro-
sion was always accompanied by a phase change on the 
surface and the corrosion rates of In-Bi alloys were 
found to increase in the presence of oxygen. 
The corrosion potential values indicated that the 
corrosion of In-Bi alloys was cathodically controlled, 
and the occurrence of preferential or simultaneous 
dissolution in In-Bi alloys was also dependent on poten-
tial. 
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INTRODUCTION 
Indium is generally placed between cobalt and 
cadmium in the electromotive series, therefore its 
galvanic behavior can be expected to resemble these 
metals. There are a number of industrial applications 
for In for which a knowledge of the electrochemical 
behavior of this metal and its alloys is desirable. 
In is plated on engine bearings to improve their resis-
tance to corrosion by lubricating oils (2}. Eutectic 
alloys can form when proper concentrations of Bi are 
added to In, and these are presently used commercially 
as fuse devices in electrical circuits (1,2}. The 
standard potentials of In and Bi differ by about 0.5 V 
1 
(12}, which theoretically makes the In-Bi alloys 
susceptible to the dealloying effect (13} . The prefer-
ential corrosion (dealloying} of In was reported by 
Marshakov, et al., in investigating the new phase forma-
tion of In-Bi alloys in O.lN HCl (3}. The five principal 
phases found in In-Bi binary system at room temperature 
are In (a}, In2Bi (S 1 }, In5Bi 3 (S 2 }, InBi (y} and Bi 
(14,15}. The phase diagram is shown in Fig. 1 (16}. A 
decreasing !n content is accompanied by a change in both 
phase and crystal structure, therefore, by examining 
X-ray diffraction data, the selective dissolution processes 
in In-Bi alloys can be traced. 
Dealloying corrosion has been extensively studied for 
2 
a number of metal systems. The preferential corrosion 
of zinc from brass (dezincification) is the most commonly-
experienced form of dealloying (4-11). Also Colegate (4) 
and Heidersbach (8) mention the other dealloying types of 
corrosion, such as the loss of aluminum, nickel, and tin 
from copper alloys; iron from cast iron; cobalt from 
stellite; and nickel from steel. Although much effort 
has been expended to elucidate the mechanism of the 
dealloying phenomenon (8), it is considered to be largely 
unresolved. 
One problem always encountered in the evaluation of 
alloy deterioration is the change in the chemical compo-
sition of the surface which accompanies corrosion. 
Therefore, it is often times necessary to conduct various 
different types of experiments in order to gain a greater 
understanding of the process. Both cyclic voltammetry 
and chemical analyses employing atomic absorption 
spectroscopy (34) are being used more extensively in alloy 
corrosion measurements. Morphological studies have also 
been useful in elucidating the corrosion mechanism, as 
the physical structure of the surface can often influence 
the results. 
The major objective of this study was to obtain a 
greater insight into the deindiumification processes for 
the In-Bi system in hydrochloric acid. Also since amines 
have been used successfully as inhibitors for the In and 
In-Sn systems (25), the ef·f ects of these types of reagents 
were a~so studied. 
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Pure indium (99.999 wt%, Indium Corporation of 
America) and bismuth (99.99 wt%, Fisher Scientific 
Company) were used to prepare the alloys. All samples 
were vacuum melted and the resulting material analyzed 
using X-ray diffraction techniques for phase identifi-
cation. 
Because of the extreme softness of pure In (1° 
Brinnel) , some polishing compound was usually embedded 
in the surface after preparing the specimen for the 
corrosion studies. Therefore in experiments dealing 
with pure In, the sample was etched in 6N HCl for one 
minute to clean the surface. The In-Bi alloys were 
wet-polished on a hand-grinder (grit Nos. 240, 320, 400, 
and 600) and then rinsed with distilled water and 
methanol. 
Corrosion Tests 
The apparatus used was similar to that reported by 
4 
Heidersbach (9), except the cell was placed in a constant 
temperature water bath. All studies were made in 3N HCl 
at 25°C. Agitation was provided by bubbling gas through 
the solution. Prepurified nitrogen (99.997%) was used 
when an oxygen-free solution was desired. Oxygen (99.9%) 
was used when the effects of this gas on corrosion were 
to be determined. Some tests were also conducted in 
lN HCl at 25°C, exposed to air, in which case there was 
no external agitation. 
The sample areas exposed to the solution varied 
from 1 to 2 cm2 , and the solution volume to area ratio 
was approximately 300 ml per square centimeter. 
A weight loss method, used in the initial studies, 
failed to give the individual corrosion rate of In and 
Bi. A chemical analysis method (atomic absorption 
spectroscopy) was used successfully in which known 
quantities of solutions were periodically withdrawn from 
the reaction vessel and analyzed. The test period for 
oxygen-free solutions was 120 hours and for oxygen-
saturated solutions was 72 hours. The corrosion rates 
were determined from the slopes of the linear portion 
of weight loss-time curves. The corroded surfaces and 
cross sections were examined by both X-ray diffraction 
and scanning electron microscopy methods. 
5 
Corrosion potential measurements were made for the 
oxygen-free solutions. A normal calomel electrode was 
used as the reference with a saturated potassium chloride 
salt bridge to minimize liquid junction potentials, the 
potentials reported are referred to the standard hydrogen 
electrode. 
Polarization Studies-Galvanostatic Method 
The apparatus used was the same as above but with a 
platinized-platinum electrode serving as a counter-
electrode. The polarization tests were not begun until 
6 
a constant open circuit potential was maintained for one 
hour. The potential readings were taken after the selected 
current had been flowing for 5 minutes. This fast 
polarization method has been reported by Hu and Straumanis 
( 2 7) • 
Polarization Studies-Partial Current Method 
The technique used in this portion of the study was 
similar to that reported by Pickering and Byrne on the 
anodic dissolution of Cu-Zn alloys (5). An Anotrol 
potentiostat was used to maintain a constant potential 
on the anode. All tests were conducted in oxygen-free 
3N HCl solutions at 25°C. At any selected potential 
the specimen corrosion behavior could be divided into 
two distinct periods. The initial period was character-
ized by a rapidly decreasing current and was followed 
by a second period when the current remained steady. 
After the first period, usually about two hours, both 
the electrolyte and Pt cathode were replaced. The 
electrode was again polarized for 4 to 10 hours, depend-
ing on the magnitude of the corrosion current. 
Metal which deposited on the Pt cathode during the 
test was dissolved with concentrated nitric acid and 
combined with the second electrolyte for analyses to 
determine the final In and Bi contents. The chemical 
analyses data were converted to current densities and 
plotted against potential to construct the In and Bi 
steady-state anodic polarization curves. 
Cyclic Voltammetry Studies 
The voltammetry polarization experiments were 
conducted in a pyrex "H" cell employing a platinized-Pt 
counter electrode and a normal calomel reference elec-
trade. The potentials were controlled with a Wenking 
Model VSG 72 voltage scan generator and a Model 70 HP 
10 Potentiostat. A schematic drawing of the experimental 
set-up is shown in Fig. 2. 
In the course of the investigation, it was necessary 
to determine an optimum sweep rate which would provide 
reproducible polarization curves and minimize the dealloy-
ing effect. A sweep rate of 10 mV/sec gave the most 
satisfactory results. The sweep was set to begin at 
the rest potential of the working electrode, with an 
upper anodic limit that was capable of producing a current 
of about 100 rna. 
Cementation Studies 
Judging by the surface structure of the anodically 
dissolved samples, it seemed that a dissolution-redeposi-
tion mechanism might be involved in the deindiumification 
process. Therefore, a number of chemical displacement 
reactions involving In and Bi were conducted. A piece 
of indium was put into a solution containing Bi+ 3 (50 to 
.+3 +3 2000 ppm) or B1 and In (500 to 1500 ppm) . After a 
fixed period of time, the sample was removed from the 
solution and washed with methanol. Portions of the sur-
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Figure 2. Experimental Apparatus for Cyclic Sweep 
Voltammetry. VSG = Voltage Scan Generator; 
P = Potentiostat; E = Electrometer; X-Y = 
X-Y Recorder; C = Pt Cathode; R = Reference 
Electrode {Normal Calomel Electrode) ; A = 
Working Electrode. 
Both the metal substrate and the non-adherent deposit 
were then examined by X-ray diffraction and SEM methods. 
Corrosion Product Studies 
The method used for the portion of the research 
was similar to that reported by Stillwell and Turnipseed 
in studying the mechanism of dezincification (7). The 
a + S1 , S1 , S2 + y, y, and y + Bi phases were etched 
in various concentrations of hydrochloric acid for 
periods of time ranging from 2 minutes to 50 days. The 
corroded surfaces were then analyzed by X-rays. 
Activation Energy Studies 
9 
Corrosion tests have been conducted for the pure In, 
sl' s2 and y phases in the temperature range 25°C to 
55°C in oxygen-free 3N HCl. The corrosion rates 
calculated from the weight loss curve were plotted 
versus 1000/T, and activation energies were calculated 
from the slopes. 
RESULTS AND DISCUSSION 
Corrosion Tests 
The results of the corrosion tests of In~Bi , alloys 
in lN HCl and an air atmosphere are shown in Table I. 
10 
The corrosion rates were determined by weight-loss 
measurements and were relatively constant for all alloys. 
For the indicated exposure time, samples originally 
containing 4% or more Bi a ·lways showed a phase change on 
the corroded surface due to the selective dissolution of 
In. The new phase shifted chemically to the next higher 
Bi content alloy in the order a + 81 + 82 + y + Bi. The 
final phase for long periods of corrosion was Bi, regard-
less of the initial composition. Similar behavior was 
reported by Marshakov, et al., relating new phase forma-
tion of In2Bi (8 1 ) and InBi (y) in O.lN HCl (3). 
Table II lists the results of the corrosion of In-Bi 
alloys in oxygen-free 3N HCl at 25°C. With Bi contents 
as high as 95%, there "J'las no indication of Bi in the 
final solution, even after 72 hours. Therefore, the 
corrosion rates shown in the table were determined 
exclusively from In dissolution rate data. Pure Bi was 
very resistant to oxygen-free 3N HCl solution~ so the 
corrosion of In-Bi alloys where oxygen was unavailable 
was mainly by the selective dissolution of In. The 
corrosion rate tended to decrease with increasing Bi 
contents and the surface changed to yield phases richer 
TABLE I 
Corrosion Rates of In-Bi Alloys in lN HCl, Exposed to Air, 25°C, 12 Days Tests 
Composition Corrosion rate, Starting surface Corroded surface 
wt%Bi mdd structure structure 
0 (pure In) 53 In In 
2.0 48 a a 
3.0 53 a a 
4.0 48 a a, Bl 
5.0 48 a a, Bl 
9.8 38 a Bl' a 
19.1 31 a,, Bl Bl' a 
33.7 31 a, Bl Bl 
40.0 38 Bl' a Bl 
47.6 41 B -1 y 
9 8. 0 43 Bi Bi 
100.0 (pure Bi) 48 Bi Bi 
The phases in each surface layer are listed in order of their relative concen-
trations in the layer as estimated by diffraction intensities. The predominant 




Corrosion Rates of In-Bi Alloys in Deaerated 3N HCl, 25°C, 5 Days Tests 
Composition, Corrosion rate, Starting surface Corroded surface 
wt%Bi mdd structure structure 
0 (pure In) 98 In In 
47.0 46 sl y, Bi 
49.9 29 sl' s2 y 
52.2 41 s2 y, Bi 
58.0 50 s2, y Bi 
64.5 38 y Bi 
75.0 24 y, Bi Bi 
80.0 22 y, Bi Bi 
85.0 14 y, Bi Bi 
90.0 14 Bi, y Bi 
95.0 10 Bi, y Bi 
100.0 (pure Bi) * 0.06 Bi Bi 
* 
The rate was determined by Tafel extrapolation method I-' 
N 
in Bi. The final phases present depended on the corrosion 
rate and starting composition. For example, the 81 and 
82 alloys showed both y and Bi whereas a mixture of 8l 
plus 82 had only y as the final corrosion structure. 
This was probably a result of the lower rate observed 
for the mixture of 81 plus 82. 
Some representative surface morphologies resulting 
from alloy corrosion in oxygen-free 3N HCl are shown in 
Figs. 3 to 6. The single phase alloys such as 81 and y 
showed uniform corrosion over the entire surface. In 
Fig. 5, the center band was originally the 82 phase, and 
the areas to either side were the y phase. After 120 
hours only Bi was detected on the surface, even though 
indications of the original surface morphology remained. 
In Fig. 6, the region with polishing scratches was Bi, 
whereas the other area was originally y. When placed 
in solution, the indium atoms preferentially dissolved 
from the y, but the Bi phase was cathodically protected 
and remained unattacked. The scratches from the sample 
preparation still appeared on the original Bi phase but 
disappeared from the y phase. 
The corrosion behavior of In-Bi alloys in oxygen-
saturated 3N HCl at 25°C is shown in Table III. The 
corrosion rates of all In-Bi alloys were increased from 
4 to 40 times by the presence of oxygen. Because of the 
high corrosion rates, the corroded surface of the alloys 
after 72 hours all showed Bi. The final Bi concentrations 
Figure 3. In2Bi (6 1 ) Surface after Corrosion in 
Deaerated 3N HC1 at 25°C for 120 Hours -
10DOX. 
Figure 4. InBi (y) Surface after Corrosion in 
Deaerated 3N HC1 at 25°C for 120 hours -
1000X. 
14 
Figure 5. 58% Bi (S 2 + y) Alloy Surface after 
Corrosion in Deaerated 3N HCl at 25°C 
for 120 Hours - lOOX. 
Figure 6. 80% Bi (y + Bi) Alloy Surface after 
Corrosion in Deaerated 3N HCl at 25°C 
for 120 Hours - lOOOX. 
15 
TABLE III 
Corrosion Rates of In-Bi Alloys in Oxygen-Saturated 3N HCl, 25°C, 3 Days Tests 
Composition, Corrosion rate, Starting surface Corroded surface 
wt%Bi mdd structure structure 
0 (pure In) 411 In In 
47.0 565 sl Bi 
49.9 350 sl' s2 Bi 
52.2 585 s2 Bi 
58.0 986 B2' y Bi 
64.5 415 y Bi 
75.0 692 y, Bi Bi 
80.0 657 y, Bi Bi 
85.0 500 y, Bi Bi 
90.0 480 Bi, y Bi 
95.0 416 Bi, y Bi 




in solutions were less than 1 ppm for all the alloys 
with Bi contents up to 90%. However, when the Bi content 
exceeded 95%, the Bi began to corrode appreciably after 
about 45 hours as seen from Fig. 7. The initial In 
dissolution was high but as In surface depletion occurred, 
the In corrosion path became more difficult and the 
rate decreased. This resulted from the fact that the only 
In present was in the y phase, which was only available 
at substantial depths below the initial surface as 
corrosion progressed. Conversely the initial Bi rate 
was low but increased and eventually reached 1000 mdd. 
This rate was comparable to the corrosion rate of pure 
Bi (888 mdd). Figures 8 and 9 show the surface and 
cross section of the corroded 95% Bi sample. The y 
phase is shown as the darker network in a Bi matrix. 
The surface Bi was no longer being protected by the y 
phase and therefore, the Bi began to corrode as can be 
seen in Fig. 8. Figures 10 and 11 show the surface and 
cross section of a corroded s1 sample. The corroded 
surface consisted of a porous Bi layer with some plug 
type corrosion also in evidence. 
An Arrhenius plot for indium from pure In and In-Bi 
alloys is shown in Fig. 12. These experiments were 
conducted in oxygen-free 3N HCl solution. At higher 
temperatures, the surface area of alloy samples changed 
appreciably due to corrosion, so the cumulative corrosion 
rate of In was no longer linear. Therefore, only the 
first 50 hours of testing were used in calculating the 
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Figure 7. Weight-loss of 95% Bi (y + Bi) Alloy in 
Oxygen-saturated 3N HCl at 25°C. 
Figure 8. 95% Bi (y + Bi) Alloy Surface after 
Corrosion in Oxygen-saturated 3N HCl 
at 25°C for 72 Hours - 300X. 
Figure 9. 95% Bi (y + Bi) Alloy Cross Section 
after Corrosion in Oxygen-saturated 
3N HCl at 25°C for 72 Hours - lOOX. 
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Figure 10. In2Bi (6 1 ) Surface after Corrosion 
in Oxygen-saturated 3N HC1 at 25°C 
for 72 Hours - 1000X. 
Figure 11. In2Bi (6 1 ) Cross Section after 
Corrosion in Oxygen-Saturated 3N HC1 
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Figure 12. Arrhenius Plots for Indium Disso-
lution in De aerated 3N HCl. 
corrosion rates. The activation energies calculated 
from the slopes were 28.4, 16.7, 18.3, and 11.5 Kcal 
-1 gm-mole for In, In2Bi (6 1 ), In 5Bi 3 (6 2 ), InBi (y) 
22 
respectively. No Bi was detected in any of the solutions 
used for these experiments, therefore, the corrosion of 
In-Bi intermediate phases was primarily an In dissolu-
tion process. Judging from the activation energy 
values, the corrosion of In, 61 , 62 , and y are most 
probably chemically-controlled. 
A brief study was also made to determine if certain 
selected amines might inhibit the corrosion rates of 
pure In and 61 alloy in oxygen-saturated 3N HCl at 25°C. 
For pure In, the corrosion rate decreased in the presence 
of the amines as seen in Fig. 13. Also, increases in 
amine concentrations enhanced their inhibiting effect. 
For the 61 , the dodecyl and decyl amine mixtures were 
effective in retarding the corrosion, and the octyl 
and heptyl amine mixtures actually increased the corro-
sion rate as can be seen from Fig. 14. The corroded 
surface of 61 when dodecyl and decyl amines were present 
is shown in Fig. 15. The surface phase was identified as 
Bi by X-ray analysis, however, the Bi layer appeared to 
be less porous than the one obtained from a 3N HCl solution 
with no amine additives (Fig. 10). The decreased porosity 
in the corroded surface structure might contribute to 
the lower rate. The corroded surface of 61 with octyl 
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Figure 13. Weight-loss of Pure In in Oxygen-saturated 
3N HCl with Various Amine Additions at 25°C 
1. 3N HCl 2. 3N HCl + 0.078 g/1 of Octylamine 
+ 0.078 g/1 of Heptylamine 3. 3N HCl + 0.312 
g/1 of Octylamine + 0.312 g/1 of Heptylamine 
4. 3N HCl + 0.052 g/1 of Dodecylamin€ + 0.038 
g/1 of Decylamine 5. 3N HCl + 0.210 g/1 of 
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Figure 14. Weight-loss of In2Bi (6 1 ) in Oxygen-saturated 
3N HCl with Various Amine Additions at 25°C 
1. 3N HCl + 0.312 g/1 of Octylamine + 0.312 
g/1 of Heptylamine 2. 3N HCl + 0.078 g/1 of 
Octylamine + 0.078 g/1 of Heptylamine 3. 3N HC1 
4. 3N HCl + 0.052 g/1 of Dodecylamine + 0.038 
g/1 of Decylamine 5. 3N HC1 0.210 g/1 of 
Dodecylamine + 0.152 g/1 of Decylamine. 
25 
Figure 15. In2Bi (6 1 ) Surface after Corrosion in Oxygen-
saturated 3N HC1 Containing 0.052 g/1 of 
Dodecy1amine and 0.038 g/1 of Decy1amine 
at 25°C for 72 Hours - 1000X. 
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of uneven corrosion with s2 , y and Bi shown to be present. 
Fig. 16 shows one of the more severely corroded locations 
on the surface. This spot showed only Bi when analyzed 
by the non-d ispersive X-ray Energy Spectrometer on the 
SEM. Apparently the octyl and heptyl arnines were unevenly 
distributed on the sample surface resulting in the forma-
tion of areas of local anodes and cathodes. This uneven 
inhibiting effect probably accelerated the corrosion 
process by creating localized anodic and cathodic areas. 
Electrochemical Studies - Pure Indium 
The cathodic and anodic polarization curves of pure 
In in oxygen-free 3N HCl solutions are shown in Fig. 17. 
The method used here was similar to that reported by 
Stern (23) in studying the electrochemical behavior of 
iron in acid environments. Both polarization curves 
exhibited Tafel behavior in the regions studied. The 
corrosion rate determined from the cathodic polarization 
2 
curve was 101 rndd (1 rna/em = 3425 mdd for indium) , 
which was in excellent agreement with the one obtained by 
the chemical analysis method (98 mdd). The cathodic 
polarization curve of pure In in deaerated,pH = 0.4, 
HCl and 4% KCl mixture solution, also exhibited Tafel 
behavior as seen in Fig. 18. The hydrogen exchange current 
was obtained by extrapolating the Tafel line to the hydro-
gen reversible potential, EH = -0.0592 pH = -0.024 V for 
pH = 0.4. Table IV lists all the corrosion parameters of 
pure In in deaerated acidic solutions. Fig. 19 shows the 
.. . 
. . ' ... · ~ ;. ~(~·~ . ~ \ ~ 
' ~ ,\, ' : (. • . > 
•. io,o : • • • • • • • • •• t; . :,;. • 
""'' .. . \ ". . -.• .... 
' ' ''\'' . \ \~· ... .... .· 
• !'!· L ·.' :.. '"!- J .. 
. ·~ \ .. ~" ~ ... !. .. ~. . • 
' ... ~ "'- .. \ ' ,r'· "'  ~ .... { .\ . 
• ·~. ~ . ; : ', .. of ........ 
'-4: ,.... • . ;. «,s . 
.. I l~ ·.I l. • < 
.. -\ ·• 1 .. ,. ·- I ,1 .. 
; ' , ' :"' .•.. 




Figure 16. In2Bi (S 1 ) Surface after Corrosion in Oxygen-
saturated 3N HCl Containing 0.312 g/1 of 
Octylamine and 0.312 g/1 of Heptylamine at 
25°C for 72 Hours, One of the More Severely 
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Figure 17. Polarization Curves of Pure Indium in Deaerated 
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Figure 18. Cathodic Polarization of Pure Indium in Deaerated 
pH 0.4 Solution (HCl + 4% KCl) at 25°C. 
TABLE IV 
Corrosion Parameters of Pure Indium in Deaerated Acidic Solutions at 25°C 
Tafel Hydrogen 
Corrosion slope, * E, exchange Corrosion Calculated 
potential, volts volts current, current, corrosion 
Solutions volts(SHE) (SHE) (SHE) ma/cm2 ma/cm2 rate, mdd 
-0.511 0.043 -0.577 -2 101 3N HCl - 2.95xl0 
lN HCl -0.474 0.049 -0.596 2.10xlo-13 5.18xl0 -3 18 
pH=O 
**4% KCl -0.491 0.051 -0.608 2.80xl0-13 5.08xl0 -3 17 
pH=O 
4% KCl -0.481 0.050 -0.608 1.60xl0-13 4.70xl0 -3 10 
pH=0.4 
* Electrode potential measured at 1 ma/cm2 
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Figure 19. Effect of pH on the Cathodic Polarization of 
Pure Indium in Deaerated 4% KCl at 25°C. 
32 
effect of pH on the cathodic polarization of pure In in 
deaerated 4% KCl acidic solutions. In pH = 0 solution, 
the current densities were low enough to avoid concentra-
tion polarization, and the curve was essentially horizontal 
at the low current densities and showed the Tafel relation-
ship at higher current densities. When the pH values 
increased, even at very low current densities, the electrode 
was polarized rapidly, with an apparent limiting diffusion 
current density at about 0.05 ma/cm2 . Above the limiting 
diffusion current density, the predominant reaction changed 
from reduction of hydrogen ions to direct reduction of 
water on the In surface and followed the relationship 
E = -1.433-0.275 log i. 
Electrode Potentials - In-Bi alloys 
The effect of Bi content on the electrode potential 
of In-Bi alloys in oxygen-free 3N HCl is shown in Fig. 20. 
Due to the continuous preferential dissolution of In there 
was a steady increase in the potential, and the values 
in this figure were obtained one hour after the sample 
was immersed in solution. The dashed straight line 
represents equal linear polarization of the cathodic and 
anodic phases and the absence of any complicating circum-
stances. The potential-alloy composition relationship 
obtained was very similar to that for the Cd-Ag system 
in lN H2so 4 solutions as reported by Akimov and Clark (32). 
It indicated the high cathodic polarization of Bi as 
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Figure 20. Electrode Potentials of In-Bi Alloys 
in Deaerated 3N HCl at 25°C. 
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point, the cathodic polarization behavior of pure Bi was 
investigated and a Tafel slope of 0.120 V was obtained. 
rhis value was considerably higher than the anodic Tafel 
slope value for pure In (0.021 V in Fig. 17), therefore, 
the corrosion of In-Bi alloys was a cathodically controlled 
process, and the corrosion potential of the alloys was 
close to that of pure In. 
Partial Current Studies 
Initial studies were conducted using a S1 alloy, however 
results were unsatisfactory because the dissolution current 
Nas too high which caused a drastic surface change. There-
fore, Bi-rich alloys, such as y, were preferred for any 
partial current experimentation. 
The dissolution current was always initially high, 
=ven with the y phase, but reached a steady state value 
after 1 or 2 hours. Curves of iin-E and iBi-E for the 
1issolution of In and Bi from the y single phase in 
~xygen-free 3N HCl at 25°C are shown in Fig. 21. The 
iin increased slowly in the potential range from -0.450 v 
to -0.200 V, and increased rapidly after passing -0.150 V. 
~o Bi dissolution was detected when the potential was 
more noble than -0.020 V, whereas Bi dissolved rapidly 
- 2 from they phase atE > 0.0 V to a value 45.8 rna/em at 
0.080 V. At 0.030 V, In and Bi dissolved at the same 
rate (17 ma/cm2 ), and with increasing potential the rate 
of Bi dissolution exceeded that of In. The result showed 
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35 
0 
Figure 21. i 1n-E, iBi-E Curves of InBi (y) in Deaerated 
3N HCl at 25°C. 
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less than 0.0 V, but with simultaneous dissolution occur-
ring at more anodic potentials. 
Anodic Polarization - Cyclic Sweep Voltammetry 
The main purpose of using cyclic voltammetry to 
study the In-Bi alloys was to try to minimize the effect 
of the rapid surface changes which occurred during the 
polarization experiments described previously. The 
optimum sweep rate was found to be 10 mV/sec. This was 
fast enough to eliminate the dealloying effect, yet slow 
enough to approach a quasi-steady state current. The 
effect of the scanning speed on the anodic polarization 
of the s1 phase is shown in Fig. 22. The anodic polari-
zation curves for s1 in 3N HCl are shown in Fig. 23. One 
difficulty in the alloy polarization studies is to obtain 
absolutely identical surface conditions. However, in 
these experiments, the difference in the current when 
compared at the same potential was less than 10%, so the 
reproducibility was satisfactory. Fig. 24 shows the 
anodic polarization curve for the y phase which was 
initiated at the rest potential for this phase. The 
initial anodic current was due to indium dissolution. As 
the surface In became depleted and only Bi remained, the 
current increased to a peak of 7 rna at -0.455 V, before 
dropping slowly to a current plateau of 3 rna. This current 
plateau was the limiting In diffusion current through the 
surface Bi layer. WithE ; -0.040 V Bi also started to 
dissolve, and since the In was covered by a Bi layer, the 
37 
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Figure 22. Effect of Scanning Rate on the Anodic Polari-
zation of In2Bi (6 1 ) in Deaerated 3N HCl at 
25°C. 
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Figure 23. Anodic Polarization of In2Bi (S 1 ) in 
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Figure 24. Voltammogram of InBi (y) in Deaerated 3N HCl 
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dissolution rate exceeded that of the In. The total 
anodic current increased with increasing anodic potential 
and reached 85 rna at the upper scan limit (0.130 V). 
During the reverse sweep, the current decreased with 
decreasing potential and during this period, the surface 
Bi layer was partially dissolved exposing some underlying 
y to the solution. A sudden drastic increase in anodic 
current peak occurred which corresponded to In dissolution. 
The height of the peak was related to the In content of 
the starting materi-al. The effect of continuous scanning 
is also shown in Fi,g. 2 4. The general behavior was 
similar to the first scan. Only the Bi ion was deposited 
during the back scan, indicated by a cathodic current at 
about 0.080 V. Also, due to the depletion of the surface 
In content, the anodic peak in the second back scan 
corresponding to In dissolution was much lower as compared 
to the first scan. Fig. 25 shows the voltammogram of 
the 95% Bi sample. The peak in the back sweep was much 
lower than with the y phase because of the lower In 
content. To verify that the peak in back sweep was indeed 
caused by the dissolution of In, a pure Bi electrode was 
tested in the solution that contained 2000 ppm In ions. 
The resulting voltammogram shown in Fig. 26 indicated 
there was no anodic current peak during back sweep. The 
cathodic current shown in the back sweep was probably due 
to Bi deposition. Fig. 27 shows the anodic polarization 
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Figure 25. Voltanunogram of 95% Bi (y + Bi) Alloy in 
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Figure 26. Voltammogram of Pure Bi in Deaerated 3N HCl 
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Figure 27. Anodic Polarization of In-Bi Alloys in 
Deaerated 3N HCl at 25°C. 
obtained by cyclic voltammetry. Judging from the 
Pourbaix diagram, the most probable reactions occurring 
during anodic dissolution would be In + In+ 3 +3e 
(starting at the low potential range) and Bi + Bi+ 3 +3e 
(at a much higher potential). The anodic behavior of 
sl andy in the potential range of -0.500 to -0.450 v 
was very similar to that of pure In. The Tafel slopes 
were similar but the curves showed greater polarization 
44 
with increasing Bi content in the alloy. In the potential 
range of -0.450 to -0.050 V, the dissolution of In was 
retarded by the surface Bi layer. The limiting current 
also decreased with increasing Bi content, e.g. i 0 L,f->1 
40 ma/cm2 , iL = 6 ma/cm2 . There was no well-defined 
,y 
= 
Tafel region shown in the low potential range for alloys 
with Bi contents exceeding 90%. This was due to the 
relatively small amount of In available on the surface. 
Once the potential on the surface became more noble, the 
electrode was rapidly polarized and Bi began to dissolve. 
At about E > -0.040 V, the anode current resulted from 
both In and Bi dissolution. With Bi contents higher than 
90%, the alloys exhibited Tafel behavior atE > -0.050 V, 
and the slopes were about the same as those for the disso-
lution of pure Bi. 
Fig. 28 shows the effect of oxygen on the anodic 
polarization curves of the S1 phase. The initial In 
dissolution stage showed almost identical behavior. The 
limiting current was higher in oxygen-saturated solution, 
45 
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Figure 28. Effect of Oxygen on the Anodic Polariza-
but Fig. 29 shows that the general behavior of In-Bi 
alloys was similar in both oxygen-saturated and oxygen-
free 3N HCl solutions. 
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Some conclusions can be drawn from the cyclic 
voltammetry studies. These show that the corrosion of 
Bi at the corrosion potentials of the In-Bi alloys was 
electrochemically unfavorable, and the occurrence of 
preferential or simultaneous dissolution was potentially 
dependent. 
Cementation Studies 
Table V shows the results of data obtained for the 
chemical displacement of Bi on In. With only Bi ions in 
the initial solution, Bi and y phases were formed on the 
surface of the In substrate for times up to ten minutes. 
After cementation, the metal piece was placed in a N2 
atmosphere for 29 hours at room temperature. During this 
period of time, mutual diffusion between Bi and In occurred, 
and the surface structure changed from Bi andy to s1 . 
Identical behavior of indium diffusion was observed by 
Whitehead (31). 
Since the potential of the y phase was more noble than 
that of pure In, it was also theoretically possible for In 
and Bi to codeposit to form y at the dissolution potential 
of pure In~ Thus if the solution contained a sufficient 
concentration of In ions, the y phase might be deposited. 
With long time immersions and only Bi ions in the initial 
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Figure 29. Anodic Polarization of In-Bi Alloys in Oxygen-
saturated 3N HCl at 25°C. 
TABLE V 
. 1 t' B .+ 3 + 3 d 11' D1sp acement Reac 1ons etween B1 , In Ions an Meta 1c In 
in 2N HCl at Room Temperature; Solution Exposed to Air 
Concentration 
of Volume Deposit Metal 
metal ions, of Immersion washed substrate 
g/1 solution, time, off the after 
Bi+3 In+3 ml hours surface washing 
2.1 40 0.2 Bi Bi, y, In 
2.1 40 6 8. 0 y, Bi y, s2 
2.1 1.5 20 5.0 y, Bi Bi I . y 




to the self-dissolution of In, to cause codeposition; 
thus, the y phase was found in the deposit washed from the 
surface. By introducing In ions in the initial solutions, 
the y phase was formed in the deposit in a much shorter 
time ( 5 hours) . 
Fig. 30 shows the surface structure after cementation, 
while Fig. 31 shows the surface morphology of a 2% Bi 
alloy after anodic dissolution. The striking similarities 
indicate the Bi in the 2% Bi sample may have dissolved 
and then redeposited by local action. 
Corrosion Product Studies 
The surface phases resulting from the corrosion of 
In-Bi alloys in hydrochloric acid solution are listed in 
Table VI. The initial corrosion product of the 81 alloy 
was the 82 phase, followed by the formation of y and 
finally pure Bi. The removal of In did not leave an 
initial layer of residual Bi in the corrosion of the 81 
phase. A layer of Bi was formed in time but only by the 
removal of In from the 81 , 82 andy phases successively, 
and not from the 81 phase directly. Etching of the 81 
phase with concentrated hydrochloric acid for 2 minutes, 
yielded 82 plus y phases. Here, a preferential dissolu-
tion of In still occurred; the dissolution rate of In was 
higher, so even after 2 minutes, the corrosion product 
was 82 plus y phases instead of the 82 phase. 
The corrosion potentials of a, 81 , 82 , and y were 
similar, so for two phase alloys such as a plus 81 , or 
Figure 30. Pure Indium Surface .after Cementation 
in 3N HCl Containing 1000 ppm Bi+3 at 
Room Temperature for 17.5 Hours - 3000X. 
Figure 31. 2% Bi (a) Alloy Surface after Anodic 
Dissolution in lN HCl at Room Tempera-
ture; Dissolved at -0.35 V for 20 
Minutes - 3000X. 
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TABLE VI 
Product of Corrosion of In-Bi Alloys in Hydrochloric Acid Solutions 
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s2 plus y, both phases corroded with no indications of any 
particular degree of cathodic protection being provided. 
However, since there was a substantial difference in the 
y and Bi potentials, preferential dissolution of In in 
the y phase occurred and the Bi remained unattacked. 
Fig. 32 shows the corroded surface of an 80% Bi alloy in 
o2 -free 3N HCl after 21 hours. Both phases after corro-
sion showed Bi. The one with the polishing scratches 
was the original Bi phase, which was cathodically protected. 
The In was selectively dissolved from the y phase, and a 
layer of residual Bi remained. Fig. 33 shows the cross 
section of the y phase after 238 hours in oxygen-saturated 
3N HCl. There were three distinct structures shown in 
the figure, the porous surface Bi layer, the duplex struc-
ture of y and Bi, and the original y phase. 
A cylindrical sample of S1 , 1 em in diameter, 1.5 em 
in thickness, was mounted so that only the two ends were 
exposed to the 3N HCl solution. The solution was exposed 
to air at 25°C and the sample held for 50 days. The 
phases present after testing were S2 , y and Bi. SEM 
analyses of the sectioned specimen revealed the progressively 
changing nature and distribution of phases with the depth 
of corrosion or penetration. Fig. 34 shows the surface 
layer which consisted of a Bi matrix (XES, X-ray Energy 
Spectrometer result is shown in Fig. 35), with some 
regions or islands of a phase which still contained 
appreciable In contents (XES result is shown in Fig. 36). 
Figure 32. 80% Bi (y + Bi) Alloy Surface a f ter 
Corrosion in Deaerated 3N HCl at 25°C 
for 21 Hours - lOOOX. 
Figure 33. InBi (y) Cross Section after Corrosion 
in Oxygen-saturated 3N HCl at 25°C 
for 238 Hours - 300X. 
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Figure 34. In2Bi (6 1 ) Cross Section in 3N HCl 
at Room Temperature for 50 Days; 
Surface Layer - lOOOX. 
Figure 35. Analysis of the Matrix Phase Shown 
In Fig. 34 - XES. 
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Judging from the ratio of peak heights of Bi/In, this 
phase was y. Fig. 37 shows the next representative 
55 
region as the distance from the surface increased. This 
layer was denser than the uppermost layer, but some 
porosity was still evident. This indicated that corrosion 
could still proceed through channels in the metal matrix. 
The matrix phase was y and the phase immediately adjacent 
to the pores was Bi. Fig. 38 shows the center portion 
of the sectioned sample. This area was non-porous and 
showed S2 (XES data are shown in Fig. 39). The In 
content between sl and s2 only differed by 5%, so the 
change from sl to s2 did not cause extensive morphological 
variations. 
Figure 36. Analysis of the Island Phase Shown 
in Fig. 34 - XES. 
Figure 37. In2Bi (8 1 ) Cross Section a f ter Corro-
sion in 3N HCl at Room Temperature for 
50 Days; Intermediate Layer - lOOOX. 
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Figure 38. In2Bi (8 1 ) Cross Section after Corro-
sion in 3N HCl at Room Temperature for 
50 Days; Center Portion of the Cross-
Sectional Area - lOOOX. 




1. Oxygen increases the overall corrosion rates but 
decreases the relative amount of deindiumification. 
2. Activation energies indicated that the dissolu-
tion of indium from In-Bi alloys was an activation 
controlled process with values of 28.4 Kcal gm-mole-l 
-1 for pure In, 16.7 Kcal gm-mole for the s1 phase, 18.3 
-1 -1 Kcal gm-mole for the s2 phase, and 11.5 Kcal gm-mole 
for the y phase. 
3. The mixture of octyl and heptyl amines tended 
to increase the corrosion rate of the s1 phase due to 
the uneven coverage of the amines on the sample surface. 
The mixture of dodecyl and decyl amines proved to be 
effective in retarding the corrosion of the s1 phase. 
Both types of amine mixtures used in this investigation 
proved to be effective in retarding the corrosion of 
pure In. 
4. The corrosion potentials of In-Bi alloys were 
close to the dissolution potential of pure In due to the 
high cathodic polarization of Bi and the comparatively 
low anodic polarization of In. 
5. The partial current data showed In dissolved 
preferentially at E < -0.020 V from the y phase, and the 
Bi corrosion rate was higher than In above E = 0.030 V. 
6. The voltammetry studies showed that the limiting 
diffusion current decreased with increasing Bi content. 
58 
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The dissolution of Bi was potentially dependent. 
7. The formation of an intermediate phase y on a 
pure In surface during cementation experiments could have 
been due to mutual diffusion, a dissolution-redeposition 
process, or a combination of the two. 
8. The selective dissolution of In from In-Bi 
alloys was always accompanied by a phase change on the 
surface. The surface gradually became enriched in Bi, 
was usually porous, and plug type corrosion usually 
occurred beneath this layer. The results obtained from 
atomic absorption and X-ray data showed selective 
dissolution was the predominant mechanism in the corro-
sion of In-Bi alloys in deaerated 3N HCl solutions. 
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APPENDIX A 
CUMULATIVE CORROSION RATE OF In-Bi ALLOYS IN 
DEAERATED 3N HCl SOLUTION AT VARIOUS TEMPERATURES 





24 48 72 96 120 
1.31 2.22 3.02 4.19 5.24 




24 36 48 61 
3.70 5.46 7.22 9.54 
3. In, 44°C, 1668 mdd (72 hours) 
Hours 7 19 32 43 55 72 
2 
mg/cm 3.52 13.33 20.55 26.67 38.7 46.39 
4. In, 54.5°C, 6667 mdd (72 hours) 
Hours 10 22 34 46 58 70 
2 
mg/cm 21.30 55.60 86.1 125.0 155.6 185.2 
5. In2Bi, 25°C, 50 mdd (120 hours) 
Hours 23 48 72 96 120 
2 
mg/cm 0.46 0.85 1.23 1.65 1.96 
6. In2Bi, 35°C, 108 mdd (120 hours) 
Hours 24 48 72 96 120 
2 
mg/cm 1.45 2.61 3.58 4.49 5.75 
7. In2Bi, 45°C, 326 mdd (48 hours) 
Hours 24 48 72 96 120 
2 
mg/cm 2.80 6.53 11.27 16.95 23.47 
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8. In2Bi, 55°C, 670 mdd ( 48 hours) 
Hours 24 48 72 96 120 
mg/cm 2 5.54 12.23 26.38 59.08 98.77 
9. In5Bi 3 , 25°C, 31 mdd ( 120 hours) 
Hours 24 48 72 96 120 
mg/cm 2 0.42 0.70 1.03 1.41 1.69 
10. In 5Bi 3 , 35 °C, 113 mdd ( 120 hours) 
Hours 24 48 72 99 120 
mg/cm 2 1.02 2.05 3.26 4.42 5.43 
11. In 5Bi 3 , 44.5°C, 169 mdd (120 hours) 
Hours 26 48 72 96 120 
mg/cm 2 2.41 4.35 6.89 8.30 11.11 
12. In5Bi 3 , 55°C, 552 mdd (48 hours) 
Hours 24 48 72 96 120 
mg/cm 2 5. 2 3 10.77 18.46 29.62 42.92 
13. InBi, 25°C, 38 mdd ( 120 hours) 
Hours 24 48 72 99 120 
mg/cm 2 0.68 1.02 1.40 1.77 2.00 
14. InBi, 34.5°C, 58 mdd (48 hours) 
Hours 12 24 36 48 60 72 
mg/cm 2 0.58 0.77 1.16 1.50 1.66 1.81 
15. InBi, 44.5°C, 119 mdd ( 4 8 h ours) 
Hours 12 24 36 48 60 
mg/cm 2 1.54 2.22 2.69 3.33 3.52 
16. InBi, 53.5°C, 211 mdd (35 hours) 
Hours 2 4 35 47 58 72 




Chemical Analysis of Pure Indium 
Element 
Indium Major 
Silver Less than 1 ppm 
Cadmium Less than 1 ppm 
Copper Not found 
Iron Less than 1 ppm 
Gallium Not found 
Nickel Not found 
Lead 4 ppm 
Tin 3 ppm 
Thallium 1 ppm 










1. Hand Grinder. Handimet, four stages, Buehler No. 
1470, Buehler Ltd., Evanston, Ill. 
2. Power Supply. Model 500R, Kepco Labs., Flushing, 
New York. 
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3. Ammeter. Ultra high sensivity volt-ohm-microarnrneter, 
Simpson 269, Simpson Electric Co., Chicago, Ill. 
4. Potentiostat. Anotrol Model 4100. Continental Oil 
Co., Ponca City, Oklahoma. 
5. Recorder. Esterline Angus Graphic Ammeter, Model AW. 
Esterline Angus, Indianapolis, Ind. 
6. Constant Temperature Circulator. Model E-12, 
Haake Instruments, Inc. Rochelle Park, N.J. 
7. Resistor Box. Decade resistor, Central Scientific 
Co., Chicago, Ill. 
8. Electrometer. Model 610B. Keithley Instruments, 
Inc., Cleveland, Ohio. 
9. Balance. Type 2604. Sartorius-Werke Co., Germany. 
10. Atomic Absorption Spectrophotometer. Type AA-5, 
Varian-Techtron PTY. Ltd. Melbourne, Australia. 
11. Scanning Electron Hicroscope. Model !.S.M., Japan 
Electron Optics Laboratory Ltd., Japan. 
12. X-ray Diffractometer. Siemens Crystalloflex Model 
IV, Siemens and Halske Aktiengesellschaft, West Germany. 
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13. Voltage Scan Generator. Wenking Model VSG72, Gerhard 
Bank Elektronic, Gottingen, West Germany. 
14. Wenking Potentiostat. Model 70HP10, Gerhard Bank 
Elektronic, Gottingen, West Germany. 
15. 135 ~1 X-Y Recorder. Hewlett-Packard Co., Loveland, 
Col. 
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